Satou R, Gonzalez-Villalobos RA, Miyata K, Ohashi N, Katsurada A, Navar LG, Kobori H. Costimulation with angiotensin II and interleukin 6 augments angiotensinogen expression in cultured human renal proximal tubular cells. Am J Physiol Renal Physiol 295: F283-F289, 2008. First published May 7, 2008 doi:10.1152/ajprenal.00047.2008.-Augmented intrarenal ANG II stimulates IL-6, which contributes to renal injury. The expression of intrarenal angiotensinogen (AGT) is enhanced by increased intrarenal ANG II in human renin/human AGT double transgenic mice. ANG II also augments AGT expression in hepatocytes and cardiac myocytes. However, the mechanisms underlying AGT augmentation by ANG II and the contribution of IL-6 to this system are poorly understood. This study was performed in human renal proximal tubular epithelial cells (HRPTECs) to test the hypothesis that IL-6 contributes to the upregulation of AGT expression by ANG II. Human kidney-2 (HK-2) cells, immortalized HRPTECs, were incubated with 10 Ϫ7 M ANG II and/or 10 ng/ml IL-6 for up to 24 h. AGT mRNA and protein expressions were measured by real-time RT-PCR and ELISA, respectively. The activities of NF-B and STAT3 were evaluated by Western blotting and EMSA. Stimulation with either ANG II or IL-6 did not significantly alter AGT mRNA or protein expression. In contrast, costimulation with ANG II and IL-6 significantly increased AGT mRNA and protein expressions (1.26 Ϯ 0.10 and 1.16 Ϯ 0.13 over control, respectively). Olmesartan, an ANG II type 1 receptor blocker, and an IL-6 receptor antibody individually inhibited this synergistic effect. NF-B was also activated by costimulation with ANG II and IL-6. Phosphorylation and activity of STAT3 were increased by stimulation with IL-6 alone and by costimulation. The present study indicates that IL-6 plays an important role in ANG II-mediated augmentation of AGT expression in human renal proximal tubular cells.
enhanced in ANG II-infused rats (18, 34) . We recently reported that intrarenal AGT mRNA and protein expression is enhanced by increased intrarenal ANG II production in human renin/ human AGT double transgenic mice (19) . Moreover, ANG II induces AGT expression in an immortalized rat renal proximal tubular cell line (12) . These data provide a firm foundation for the hypothesis that ANG II-induced enhanced AGT production in renal proximal tubular cells contributes to further increases in intrarenal ANG II levels.
In rodent tissues and cells, some mechanisms underlying ANG II-induced AGT augmentation have been reported in hepatocytes (3, 16, 23) . ANG II induces rat AGT expression via NF-B activation (3, 16, 23 ). An acute-phase response element was identified in the rat AGT promoter region, which includes the NF-B and CCAAT/enhancer-binding protein binding sites (2, 5) . This finding revealed a molecular mechanism underlying the augmentation of rodent AGT by ANG II and some cytokines. On the other hand, little information is available regarding the cis-and trans-acting regulators of AGT expression in human cells (2) . Although the regulatory mechanisms of human AGT have been clarified by investigations regarding human AGT polymorphism (9, 14) , the existence of an NF-B-binding site in the promoter region of human AGT has not been reported (10, 15) . Therefore, it is not known whether NF-B activity is involved in the expression of human AGT.
ANG II and cytokines contribute to various forms of renal dysfunction (35) , and there is substantial evidence of interaction between these factors. In IL-6 knockout mice, the magnitude of ANG II-induced hypertension is attenuated (21) . In the kidneys of ANG II-infused rats, IL-6 levels are elevated with the hypertension (31) . Furthermore, the disruption of the IL-6 gene attenuated albuminuria, a marker for renal injury, in ANG II-induced hypertensive mice (24) . In hepatocytes, IL-6 stimulated AGT secretion (27) and expression via STAT3 activation (15, 29) . These data suggest that IL-6 plays a role in the ANG II-mediated AGT positive feedback system (4). However, direct interaction between AGT and IL-6 in the kidney has not been established. In particular, the mechanism underlying the augmentation of AGT by ANG II and the contribution of IL-6 to this system in human renal proximal tubular epithelial cells have not been demonstrated although it is clear that intrarenal AGT is primarily expressed in proximal tubule cells. This study was performed to test the hypothesis that IL-6 contributes to the upregulation of AGT expression by ANG II and that NF-B and STAT3 participate in the regulation of AGT expression in human renal proximal tubular epithelial cells.
METHODS
Cell culture. Human kidney-2 (HK-2) cells, which are immortalized human renal proximal tubular epithelial cells, were obtained from ATCC. The cells were cultured in RPMI-1640 medium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum (Invitrogen). They were plated at a density of 2 ϫ 10 5 cells/well in six-well plates. Before stimulation, the cells were exposed to serum-free medium for 24 h. Thereafter, they were treated with 10 Ϫ7 M ANG II (Phoenix Pharmaceuticals) and/or several concentrations of IL-6 (Peprotech) for up to 24 h (4, 12, or 24 h) in a medium containing 1% serum. To determine the contribution of ANG II type 1 receptor (AT 1R) to the effect of ANG II and IL-6 on AGT expression, HK-2 cells were individually treated with ANG II and IL-6 and with a combination of ANG II and IL-6 in the presence of 1 M olmesartan (Sankyo), an AT 1R blocker, for 24 h. Moreover, the role of the IL-6 receptor (IL-6R) in the effects of ANG II and IL-6 was investigated using 2 g/ml anti-IL-6R antibody (R&D Systems). To deduce the influence of NF-B in human AGT expression, cells were treated with 10 M parthenolide, an NF-B inhibitor (32) , for 24 h. To investigate the influence of STAT3 on human AGT expression, cells were treated with 0.2 M JSI-124 (Calbiochem), an inhibitor of STAT3 activation (1) . The treatment with JSI-124 was begun before 2 h of stimulation with ANG II and/or IL-6 because the inhibitory effect of JSI-124 is observed more slowly than STAT3 activation by IL-6 (39) .
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR (qRT-PCR) was performed to evaluate human AGT mRNA expression using a TaqMan PCR system. For total RNA isolation, treated cells were washed with 3 ml of PBS. After PBS aspiration, total RNA was isolated from the cells using a BIO-ROBOT EZ 1 (Qiagen). Subsequently, qRT-PCR was performed as previously described (20) . In brief, 20 ng total RNA from each sample was applied to an Mx3000P System (Stratagene) equipped with a Brilliant Single-Step QRT-PCR Master Mix II Kit (Stratagene). All samples were analyzed in triplicate, and the data were normalized based on the expression level of the human GAPDH mRNA. The information of sequences are as follows: human AGT mRNA: forward primer, 5Ј-GAG AGA GCC CAC AGA GTC TA-3Ј; reverse primer, 5Ј-GCT TTG ATC ATA CAC AGC AA-3Ј; and probe, 5Ј/6-FAM/CCA ACA GCT TAA CAA GCC TGA GGT/BHQ1/3Ј; and human GAPDH mRNA: forward primer, 5Ј-ATC ATC CCT GCC TCT ACT GG-3Ј; reverse primer, 5Ј-CTG CTT CAC CAC CTT CTT GA-3Ј; and probe, 5Ј/HEX/ACC TGA CCT GCC GTC TAG AAA AAC CTG/BHQ2/3Ј.
Human AGT ELISA. To quantify human AGT protein in the culture medium and in the cell lysate, human AGT ELISA was performed. HK-2 cells were cultured in six-well plates with 1.5 ml of medium/ well. After treatment with the various agents, the media were collected into tubes, and the supernatants were collected after centrifugation of the media for 5 min at 5,000 rpm. Cells were harvested with 100 l lysis buffer (IBL), and the cell lysates were then incubated for 30 min at 4°C. Supernatants were collected after centrifugation for 10 min at 10,000 rpm. Human AGT ELISA was performed as previously described (17) . Total protein concentrations in the media and cell lysates were quantified using Bio-Rad Protein Assay (BioRad) and a Micro BCA Protein Assay Kit (Pierce), respectively. Data from human AGT ELISA were normalized based on protein concentration.
Western blot analysis. To detect the expression levels of AT 1R and IL-6R proteins, Western blotting was performed. After treatment for 24 h, cells were washed three times with 3 ml PBS. The cells were harvested with 80 l lysis buffer containing 1% Triton X-100, 150 mmol/l NaCl, 1 mmol/l EDTA, 1% Nonidet P-40, 1 mmol/l Na 3VO4, and 0.25% Protease Inhibitor Cocktail (Sigma). The lysates were sonicated three times for 10 s each and centrifuged at 13,000 rpm at 4°C for 30 min. Total protein concentration of the supernatant was quantified using a Micro BCA Protein Assay Kit (Pierce). Next, 5 g (for AT 1R) or 20 g (for IL-6R) of total protein was applied to a precast NuPAGE 4 -12% gel (Invitrogen). The separated proteins were transferred to a nitrocellulose membrane (Bio-Rad). A rabbit anti-AT 1R antibody (1:350, Santa Cruz Biotechnology) and an IRDyelabeled anti-rabbit IgG antibody (1:15,000, Li-Cor) were used for AT 1R detection. A goat anti-IL-6R antibody (1:150, R&D Systems) and an IRDye-labeled anti-goat IgG antibody (1:15,000, Li-Cor) were used for the detection of human IL-6R. Mouse anti-␤-actin antibody (1:1,000, Abcam) and an IRDye-labeled anti-mouse IgG antibody (1:15,000, Li-Cor) were used for the detection of human ␤-actin. Detection was performed using an Odyssey System (Li-Cor). Data were normalized based on human ␤-actin protein expression levels. Phosphorylations of p65, a subunit of NF-B, and STAT3 were detected using Western blot analysis to elucidate participations of these transcriptional factors in the effects mediated by ANG II and IL-6 on human AGT expression. Cells were treated with ANG II and/or IL-6 for up to 30 min. Mouse anti-phospho-p65 (Ser 536) antibody (1:1,000, Cell Signaling), mouse anti-phospho-STAT3 (Tyr 705) antibody (1:250, BD Transduction Laboratories), and an IRDyelabeled anti-mouse IgG antibody (1:15,000, Li-Cor) were used for the detection of phosphorylated p65 and STAT3. It is known that p65 protein is a subunit of NF-B, and NF-B activation involves p65 protein phosphorylation (33) . Rabbit anti-p65 antibody (1: 1,000, Cell Signaling), rabbit anti-STAT3 antibody (1:250, Thermo), and an IRDye-labeled anti-rabbit IgG antibody (Li-Cor) were used to detect total p65 and STAT3. The levels of phosphorylated p65 and STAT3 were normalized based on total p65 and STAT3, respectively.
EMSA. Binding activities of NF-B and STAT3 to DNA were tested using EMSA. After treatment for 15 min, the cells were washed with 3 ml cold PBS and then the cells were harvested. Nuclear protein extraction was performed using an NE-PER kit (Pierce). The protein concentration was determined using a Micro BCA Protein Assay Kit (Pierce). Three micrograms nuclear protein was incubated with NF-B IRDye-700 (Li-Cor) or STAT3 IRDye-700 (Li-Cor) for 30 min. Reagents included in an EMSA Buffer Kit (Li-Cor) were used for the reaction. The reaction was applied to 6% Novex DNA Retardation Gel (Invitrogen). The detection and quantification of shift bands were performed using an Odyssey System. After detection of the shift bands, target bands were identified using the combination of anti-p65 with p50 antibodies (Cell Signaling) and anti-STAT3 antibody (Thermo).
Statistical analysis. Data are expressed as means Ϯ SD. The data were analyzed using one-way ANOVA followed by a Bonferroni/ Dunn multiple comparison post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Effects of ANG II and IL-6 on human AGT mRNA expression. Augmentation of human AGT mRNA expression was not observed with any combination at either 4 or 12 h (Fig. 1A ). The AGT mRNA expression level was not influenced by the addition of either 10 Ϫ7 mol/l ANG II or 10 ng/ml IL-6 at each of these two time points (Fig. 1A) . However, costimulation with 10 Ϫ7 mol/l ANG II and 10 ng/ml IL-6 significantly increased the expression level of AGT mRNA (1.26 Ϯ 0.10, ratio to control) at 24 h (Fig. 1A) . AGT mRNA expression was not increased by any combination either at 48 h (data not shown). The increased expression of AGT mRNA induced by costimulation reached significance at 10 ng/ml IL-6 (Fig. 1B) . 
Effects of ANG II and IL-6 on human AGT protein expression.
In addition to AGT mRNA expression, costimulation with ANG II and IL-6 increased the expression of human AGT protein in the media ( Fig. 2A ) and cell lysates (Fig. 2B ) after 24 h. The increments in AGT protein expression induced by the costimulation were smaller than those increments in AGT mRNA expression (in medium: 1.15 Ϯ 0.05, in cell lysate: 1.16 Ϯ 0.13, ratio to control). However, the difference is significant. In both the medium and cell lysate, stimulation with either ANG II or IL-6 individually had no effect on the expression level of AGT protein when tested independently.
Effects of olmesartan and IL-6R antibody on AGT mRNA augmentation by costimulation with ANG II and IL-6. The augmentation of AGT mRNA induced by costimulation with ANG II and IL-6 was inhibited by 1 mol/l olmesartan (Fig. 3A) . In the absence of the costimulation, olmesartan did not influence the AGT mRNA level. We observed that 2 g/ml IL-6R antibody neutralized the effect of costimulation with ANG II and IL-6 (Fig. 3B) . Individually, neither olmesartan nor the IL-6R antibody had any effect on AGT expression.
Effects of ANG II and IL-6 on AT 1 R and IL-6R protein expression.
Addition of either ANG II or IL-6 individually did not induce AT 1 R expression at 24 h. Furthermore, costimulation with ANG II and IL-6 had no effect on AT 1 R expression either (Fig. 4A) . Similarly, there was no change in the expression of IL-6R at 24 h (Fig. 4B) .
Effects of ANG II and IL-6 on NF-B activity.
Phosphorylation of p65 protein was not affected by treatment with either ANG II or IL-6 at any time point. Although phosphorylation of p65 protein was not observed at 0 min (data not shown), it was detected even in the control after 5 min (Fig. 5A) . Costimulation with ANG II and IL-6 facilitated p65 phosphorylation at 10 (1.28 Ϯ 0.21, ratio to control) and 15 min (2.21 Ϯ 0.62, ratio to control, Fig. 5A ). The increment in p65 protein phosphorylation by the costimulation was not detected at 30 min (Fig. 5A) .
Binding activity of NF-B to DNA was detected using EMSA. Costimulation with ANG II and IL-6 significantly enhanced the binding activity at 15 min (1.67 Ϯ 0.15, ratio to control, Fig. 5B ). Binding activity as well as p65 phosphorylation were detected even in the control (Fig. 5B) .
Since the binding activity of NF-B to DNA was detected even in the control, the contribution of NF-B to human AGT expression was determined using parthenolide, an NF-B inhibitor. The inhibitor attenuated the basal expression level of AGT (0.34 Ϯ 0.13, ratio to control) at 24 h in the cell line used in this study (Fig. 5C) .
Effects of ANG II and IL-6 on STAT3 activity. ANG II alone did not induce phosphorylation of STAT3 at any time point. STAT3 phosphorylation was increased by stimulation with IL-6 alone at 10, 15, and 30 min (2.22 Ϯ 0.06, 2.75 Ϯ 0.68, and 1.46 Ϯ 0.14, respectively, ratio to control). Costimulation with ANG II and IL-6 also increased the phosphorylation at these time points (1.95 Ϯ 0.26, 2.02 Ϯ 0.63, and 1.32 Ϯ 0.11, respectively, ratio to control, Fig. 6A ).
EMSA showed that the binding activity of STAT3 to DNA was significantly induced by IL-6 alone and by the costimulation at 15 min (1.16 Ϯ 0.04 and 1.33 Ϯ 0.04, respectively, ratio to control, Fig. 6B ).
JSI-124 inhibited STAT3 phosphorylation (Fig. 6C ) and increment in AGT mRNA expression (Fig. 6D ) by costimulation with ANG II and IL-6.
DISCUSSION
The present results demonstrate the effects of combined ANG II and IL-6 on human AGT expression in human renal proximal tubular cells. Several in vivo studies in rodents have demonstrated ANG II-induced augmentation of renal AGT expression (18, 19, 34) . Furthermore, in vitro studies have shown ANG II-induced augmentation of AGT expression in rat renal proximal tubular cells (12) , hepatocytes (23) , and cardiomyocytes (25) . Previous studies have also shown that IL-6 stimulates AGT secretion (27) and expression (15, 29, 36) in hepatocytes. In the present study, stimulation with ANG II alone did not increase the expressions of human AGT mRNA or protein in HK-2 cells. Although stimulation of IL-6 alone also failed to increase human AGT expression, costimulation with ANG II and IL-6 increased the expression levels of both AGT mRNA and protein at 24 h. Since it is well known that ANG II increases intrarenal IL-6 levels (31), ANG II and the IL-6 induced by ANG II may collectively increase human AGT expression in vivo. Although AGT production in HK-2 cells is lower than that in HepG2 cells (7), renal proximal tubular cells are the main source of AGT in the kidney (13, 38) . Therefore, ANG II and IL-6 can synergistically induce large changes in the amount of AGT in the human kidney even if its induction ratio is small, as shown in this study. Augmentation of AGT expression in the kidney by IL-6 has not been reported; thus this study provides novel information relevant to intrarenal AGT regulation. Moreover, the results indicate that ANG II-dependent induction of AGT expression requires IL-6 as a costimulatory factor in human renal proximal tubular cells.
It has been reported that oxalate and IL-1 stimulate IL-6 production in HK-2 cells, indicating that HK-2 cells can produce IL-6 by in response to various stimuli (6, 11) . Therefore, it is possible that ANG II induces endogenous IL-6. The reason that single stimulation with ANG II alone did not induce AGT expression may be the low concentration of induced IL-6. In support of this, costimulation with ANG II and a low concentration of IL-6 did not influence AGT expression (Fig. 1B) .
Olmesartan inhibited the effect of costimulation with ANG II and IL-6 on AGT expression, indicating that AT 1 R is critical for AGT enhancement by ANG II. Moreover, IL-6R antibody also neutralized the effect, suggesting that these agents exert a synergistic effect, even though they do not independently induce human AGT expression. These findings suggest that AT 1 R blockers may attenuate the secondary pathophysiological effects of ANG II even though ANG II alone does not exert any direct effects, and this may partially account for the powerful renoprotective effects of AT 1 R blocker beyond its depressor effect.
It has been reported that IL-6 increases AT 1 R expression in vascular smooth muscle cells (40) . Thus we evaluated the possibility that ANG II increases IL-6R expression and/or IL-6 increases AT 1 R expression. However, treatment with either ANG II or IL-6 alone or with their combination did not increase the expression of AT 1 R or IL-6R (Fig. 4) . Hence, these results indicate that the mechanism underlying human AGT upregulation by costimulation in this cell line is independent of the changes in the expression levels of their receptors.
Treatment of cells with the combination of ANG II and IL-6 facilitated the phosphorylation of p65 protein (Fig. 5A) . Fur- Ϫ7 M ANG II and/or 10 ng/ml IL-6 for 5, 10, 15, and 30 min (n ϭ 4). The level of phosphorylated p65 was increased by the costimulation with ANG II and IL-6 at 10 and 15 min. Phosphorylated p65 levels were normalized based on the expression levels of total p65 (A). After treatment of cells with ANG II and/or IL-6 for 15 min, the binding activity of NF-B to DNA was determined and quantified using EMSA (n ϭ 4). The arrow indicates a band identified by both anti-p65 and p50 antibodies. NF-B activity was significantly increased by the costimulation (B). The inhibitory effect of parthenolide on the basal expression level of AGT mRNA was tested using quantitative real-time RT-PCR. Basal AGT expression was decreased by 10 M of inhibitor at 24 h (C). C, control; A, ANG II; I, IL-6; AϩI, ANG IIϩIL-6; NC, negative control (without nuclear protein). Data are expressed as relative values compared with the control and represent means Ϯ SD. *P Ͻ 0.05 vs. control. thermore, NF-B activation in response to costimulation with ANG II and IL-6 was revealed by EMSA (Fig. 5B) . ANG II-induced NF-B activation has been shown in many studies (3, 16, 23) , and high basal activity of NF-B in HK-2 cells has been demonstrated (6) . In our study, high basal activity of NF-B was observed (Fig. 5, A and B , in control), and basal AGT expression level was decreased by NF-B inhibitor (Fig.  5C) . Although an NF-B-binding site in the human AGT promoter region has not been identified, these results indicate that NF-B activity obviously relates to AGT expression in the human kidney as well as in the rodent kidney. High basal NF-B activity may reflect the high production of AGT in proximal tubule cells in the kidney.
Interestingly, STAT3 phosphorylation was increased by IL-6 alone as well as by costimulation with ANG II and IL-6 (Fig. 6A) . Furthermore, STAT3 activation by IL-6 alone and by costimulation with ANG II and IL-6 was revealed using EMSA (Fig. 6B) . Moreover, JSI-124 inhibited STAT3 phosphorylation (Fig. 6C) and increment in AGT mRNA expression (Fig.  6D) by costimulation with ANG II and IL-6. IL-6 has been shown to stimulate NF-B activity through the activation of STAT3 in renal proximal tubule cells (22) . Therefore, NF-B activation by costimulation with ANG II and IL-6 may be achieved through weak activation of NF-B by ANG II, which is subsequently augmented by IL-6-mediated STAT3 activation. The human AGT promoter region contains STAT3-binding sites, and the activation of STAT3 contributes to the augmentation of AGT expression (15) . However, independent stimulation with IL-6 had no effect on AGT expression in HK-2 cells. Although high basal activity of NF-B might relate to this low sensitivity of human AGT expression to IL-6, further studies are required to confirm this possibility.
In summary, we have demonstrated that ANG II and IL-6 synergistically induce human AGT expression through the activation of NF-B and STAT3 in HK-2 cells, indicating that IL-6 plays an important role in ANG II-mediated augmentation of AGT expression in human renal proximal tubular cells. Elucidation of the mechanisms underlying this augmentation may lead to new strategies to treat hypertension, cardiac diseases, and renal diseases. Ϫ7 M ANG II and/or 10 ng/ml IL-6 for 5, 10, 15, and 30 min (n ϭ 4). Phosphorylation of STAT3 was increased by stimulation with IL-6 alone and by costimulation with ANG II and IL-6. Phosphorylated STAT3 levels were normalized based on the levels of total STAT3 expression (A). After treatment of cells with ANG II and/or IL-6 for 15 min, the binding activity of STAT3 to DNA was determined and quantified using EMSA (n ϭ 4). The arrow indicates a band identified using STAT3 antibody. STAT3 activity was significantly increased by stimulation with IL-6 alone and by costimulation (B). Inhibition of STAT3 activation was performed by JSI-124. The inhibitor suppressed STAT3 phosphorylation (C; n ϭ 4) and increment in AGT expression (D; n ϭ 4) by costimulation with ANG II and IL-6. C, control; A, ANG II; I, IL-6; AϩI, ANG IIϩIL-6; NC, negative control (without nuclear protein); AϩIϩJ, ANG IIϩIL-6ϩJSI-124; J, JSI-124. Data are expressed as relative values compared with the control and represent means Ϯ SD. *P Ͻ 0.05 vs. control.
